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ABSTRACT 

The present, work is performed t.o experiment.ally 
ev£ilu£tt.e the stress intensity factors <SIF> under quasi-static 
crack growth and under dynamic crack growth conditions. 

The work to determine quasi-static critical SIF 
was mainly concerned towards improving the technique which had 


already been 

developed 

but 

was 

having 

problems 

owing 

to 

inconsistency 

in result 


In 

that 

technique^ 

SIF 

was 

experimentally 

determined 

by 

taking 

a double cantilever 

beam 


CDGB> specimen made of slender steel cantilevers bonded together 
with epoxy Strain near the crack tip wais measured by bonding 
strain gauge only on the upper cauitilever relating it to SIF 
through a PEM relation The technique was providing 

inconsistent result owing to curvature developed in the DCB 
specimen during bonding the cantilevers. The strain gauge on the 
upper cantilever was not separating the strain due to curvature 
from the strain developed by the crack tip. The modifications to 
this are made in the present study by using a dual mirror image 
combination of strain gauges to measure the strain near the crack 
tip The measured SIF is brought to a variation of 14-19% as 
compared to earlier variation of -15% to ■•^5% The average SIF 
for quasi-static tests determined through modified technique 
is 4.22 MPaVm 

For experimentally evaluating the dynamic SIF a 
mechanism is developed to store strain energy in the arms of the 
DCB specimen loaded in mode I by clamping the two cantilevers 



to^et^her with a prenotched bolt- just prioi- to the crack tip. The 
cantilevers were pulled in a tensile loading machine so as to 
store predetermined strain energy in the cantilevers This 

energy was then suddenly released to impart high velocity to the 
moving crack Two sets or strain gauges were used to measure the 
strain time profile and crack velocity In the experiments 

conducted, first set of strain gauges recorded expected strain 
pulses but the second set of strain gauges was unable to sense 
the strain pulse owing to low crack velocity Based on strain 
time profile of the first set, average dynamic SIF was found to 


be 3 58 MPaym. 
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CHAPTER I 

INTERLAMINAR SIP IN DCB SPECIMEN UNDER QUASI-STATIC CRACK 

PROPAGATION 


I X INTRODUCTION 

1-1.1 Pr'oblems oP int-erlaimiosir loti^luniess 

One or bhe main mechanisims: of failure in 
composite mafenais subjected bo impact, loadin^^ is delaminabion 
Delaminabion occurs due bo poor inberlaminar fracbure bou^hness 
and bhe crack can propa^abe wibh a velociby as hi^h as 300 m/s 
[13 Ib IS of ^reab imporbance bo measure bhe inberlaminar 
fracbure bou^hness of a composibe maberlal in order bo improve 
ibs performance under impacb loading 

Inberlaminar fracbure boughness is measured 
universally by using energy release rabe CG> for bobh mode I and 
mode II. This mebhod adopbs bhe bechmque of balancing energies 
in bhe specimen The bechmque is accepbable for bhe sbabic 
case, bub in bhe case of dynamic energy release rabe, an energy 
imbalance is f ound The energy Imbalance is caused because bhe 
fasb moving crack emanabes sbress waves which encounbers bhe 


flaws 


kinebic energy gebs converbed bo heab 


which is 




z 


transferred to the specimen holder or the surroundings Such 

transformation is also known as deformation friction £21 This 

heat g^eneration cannot be easily measured thus resulting in 

inaccurate energy measurement In the case of composites, the 

interlaminar energy release rate is very small, of the order of 
2 

200 J/m , as compared to some materials which have energy release 

2 

rate as hig:h as 30,000 J/m Thus a small inacuracies in energ:y 
balance may lead to a lar^e variations in the experimental 
results Another limitation of the energy release rate parametei" 
IS that it does not provide stresses, strains or displacement 
field in the vicinity of the crack tip This restricts the 

measurement of stress and strain field near the crack tip So 
considering these limitations in energy release rate approach, 
other techniques may be explored 

1 1.2 LITERATURE SURVEY 

The critical energy release rate technique 
IS developed and is used extensively Wilkins et.ad.C31 found 

critical strain energy release rate in delamination for mode I 
and mode II using a DGB specimen loaded quasi statically Han and 
Koutsky C41 obtained the Interlaiminar fracture energy values in 
case of glass fiber reinforced polyester composites Devile 

et al. C5] developed a nonlinear theory f or energy release rate 
using DCB specimen. Pratsad C61 evaduated experimentally under 
dynamic loading conditions, the crltlcad energy release rate in 



3 . 


mode I for glass fabric reinforced epoxy Laminates and was not. 
able to account for energy which was transformed into heat, Babu 
£71 also performed experiments and evaluated critical energy 
release rate for mode II in GFRP using a CNF Ccentered notch 
flexural> specimen but he was not able to measure the crack 
velocities accurately. 

An expression for the critical intensity 
factor for mode I of a double cantilever beam specimen with thin 
cantilevers, loaded st a ticadly, is well known C83- It adopts a 
method by first finding compliance,c, of the specimen and then 
finding the energy release rate <GI> by the formula 

_ 1 p^<5c 

" 2 B 5a 

where, P is the load on the cantilever, a is the crack length and 
B is the width of the specimen. Regarding this as a case of plane 
strain is then determined by using formula. 


r Or E 

= J <7-Zr 

Where v is the Poisons ratio. This method only gives value 
of stress intensity factor and Ignores the strain field around 
the crack tip which is strongly influenced by 
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the nearby traction Tree surjTace 

Williams: £9] inves:ti^ated the crack tip 

singularity at the interface of two materials Through 

mathematical analysis he showed that if the materials at the 

interface are similar then a square root singularity exists^ 

whereas^ if the materials at the interface are different then the 

singularity in the vicinity of the crack tip has oscillatory 

- 1/2 

character of the type r sin<b log:r> where b is a constant and 
r is the distance from the crack tip. This was carried out 
for a single ed^e notched <SEN> specimen 

Sih and Jih £101 developed analytical strain 

energry release rate for mode I and mode II ^ usin^ numerical and 
finite element methods It was computed for a crack lyin^ alon^ 
the interface of two dissimilar elastic media The analytical 

solutions indicate that <3^ and do not converge in the form of 

crack closure integral although the sum Ci e the total strain 
energy release rate > is well defined If the oscillatory terms 
are neglected, then O m o m io. 

I I I 2 

Shukla, Agarwal and Bhushan £111 measured 
stress Intensity factor of a crack in a large orthotropic 
SEN composite material. Theoretical equations were developed for 
strain field in the vicinity of the crack tip in an orthotropic 
material- These equations were then evaluated to obtain the 
optimum location and orientation of the strain gauges to be used 
for strain measurements It was then verified experimentally In 
a single edge notched <SEN> specimen under quasi-static loading 


5 


condit^iofis 


Nadarsijah> Shukla and Let^cher £123 conducted 
an expe3riment.al study to show the application of fibei^ optic 
sensors to f racture mechanics problems of through the thickness 
crack in a cantilever beam Mode I stress intensity factors 
were obtained usin^ single mode optical fibers in a sing^le 
notched specimen fabricated from aluminum A Mach~Zehnder 

interf erometric set up was used during the experiments 

A technique has been recently developed to 
experimentally determine the stress intensity factor <SIF> in a 
double cantilever beam specimen with slender cantilevers through 
a scheme of measuring strain near the crack tip The strain 
field of the DGB specimen is not available through a closed form 
solution Analytical solution is difficult because the free 

surfaces are lying very close to crack plane- Therefore, a 
finite element software was developed by Verma et al £133 for 
finding strain field around the crack tip for computing stress 
intensity factor. The finite element program also helped in 
selecting the proper location of strain measurement and 
choosing the optimum orientation of the strain gauge On these 
recommendations. Potty £141 conducted experiments on a DGB 
specimen made f rom two slender hardened steel plates bonded 
together by epoxy with a precrack Then the strain gauge of 
extremely small gauge length <0 2mm> is bonded When the 

quasi-static load is applied on the DGB specimen, the crack grows 
and passes under the strain gauge Knowing the strain and using 
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t.he r^elat.ion bei>ween SIF and st,i>ain^ ci^ibical iobensity jfacbor 
<SIF> is debenmined In bhis expei^imenbal Investigations the 

results were not consistent because of residual strain developed 
in DGB specimen at the time of bonding 


1.3 WORK DONE IN THIS STUDY 

The technique of Potty for finding critical 
SIF by measuring strain close to crack tip in a DGB specimen is 
improved in this study So far onlv one strain ^au^e was used at 
at an optimal location improvements in the method is carried out 
in this study using two strain gauges one on each cantilever 
This is done so as to eliminate the effect the curvature formed 
in DGB specimen during bonding The strains are then measured 
and the value of stress intensity factor is evaluated The 
experimentad results are then compared with values obtained 


numerically 
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x.a EXPERIMENTAL TECHNIQUES 


1.2.1 PRELUDE 

In Lhe work of Verma eL al £133 and PoLLy 
£141 sLress inLenslLy facLor <SIF> in a double canbilever beam 
<DGB> specimen wibh slender cantilevers was determined through a 
combined scheme of measuring: strain near the crack tip and then 
analyzing data by usin^ an FEM program £133 The DGB specimen 
was made from two slender steel cantilevers, bonded together by 
epoxy The precrack was introduced during bonding by intruding a 
thin film of biaxially oriented poly- propylene <BOPP> 

The strain f leld of a DGB specimen with 
slender cantilevers cannot be easily expressed through a closed 
form solution because the free surface is near the crack plane 
Therefore, a finite element software by Verma et.al £133 was 

developed for finding strain field around the crack tip for 
computing the SIF The relation between measured strain in the 
vicinity of the crack tip and the stress intensity factor was 
established by the program The program also gave the optimal 
location and orientation of the strain gauge 

The specimen was loaded in mode I under 


quasi-static load and displacement controlled conditions 


The 
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s-tx'ain in “the vicinity of creick tip was measured by a very small 

strain ^au^e with 0 2 mm i^au^e ieng:th^ bonded at an an^le of 45^ 

to the crack plane The strain ^au^es were bonded at the mid 

plane of the corresponding: cantilevers The peak strain was 

then determined by a strain indicator and was then f ed to the 

established relation of strain and SIF The experimental and 

numerical values of critical stress intensity factor were 

then compared the measured value of K was f ound to be lower 

ic 

than the numerical value 

The inconsistency in the value of the 
critical stress intensity factor measured experimentally and 
evaluated numerically was f ound because during bonding of the 
thin steel cantilevers, the assembly is found to have a curvature 
in spite of pre- and post- bonding precautions This curvature 
initiates a residual strain in the DGB specimen which is not 
associated with the strains produced by the delamination crack, 
variation in experimental values of SIF is observed 

1.2.2 SPECIMEN PREPARATION AND GEOMETRY 

The DGB specimen was used by Potty for his 
study has been adopted for this study It has two slender metal 
strips The thickness of each cantilever is 2 78 mm and the 
width is 24.0 mmCFIG 2 : 



HINGES 





The used was alloy s-teel 40N12CJr‘lMo28 <EN24> hai'^dened, 

by heading lb bo 830-850^0 foi'^ one hour and bhen quenching lb in 

bhe oil This was followed by annealing ab 310^ C for 20 

minubes^ so as bo relieve bhe residual sbresses The averag:e 
hardness abbained by each canbilever was 33 on G-scale 
corresponding bo a yield sbress of nearly 1000 MPa Each sbrip 
was bhen grounded flab and ibs surface is prepared by rubbing on 
fine ^rib emery paper CGrade 220> for five minubes wibh lig:hb 
hand pressuie 

A hin^e consisbin^ of a brackeb, a supporb 
and a pin all made of sbeel was used ab bhe load applicabion 

poinb The hinges keep bhe applied loads normal bo surfaces and 
keeps bhe loads colinear for bobh bhe canbilevers CFJG x 

They also provide a degree of f reedom bo bhe canbilevers bo 
robabe during bheir bending 

1.2.3 BONDING AND PRECRACK 

The mebal sbrips f ormlng canbilevers of DGB 
specimen are bonded by epoxy LY SS6 and hardener HY 1907IN in bhe 
rabio of 100 85 by weighb The faces bo be bonded^ are cleaned 

wibh acebone bo degrease and remove dusb parbicles. The mixbure 
of epoxy and hardener is applied evenly and bwo sbrips are bhen 

pub bogebher in a fixbure CFJG x 

While bonding bhe canbilevers, a precrack 
is inbroduced by placing a film of BOPP up bo required lengbh 




FIG 1 2 Details of a hinge. 
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FIG. 1.3 DCB specimen bonding fixture. 










BOPP r-es€r'iG‘ts bonding: a precrack is generated In bhis sbudy the 
precrack length was kept at 30 0 inm 

The fixture alon^ with the specimen is 
placed between platens of a hydraulic press The platens are 
heated through in built heaters and the temperature is monitored by 
placing a chromel-alumel thermocouple The temperature of the 
specimen is maintained at 130"^ C under 1 2 MPa pressure for one 
hour 

A felt is placed on the top strip of the 
cantilever so as to evenly distribute the applied pressure This 
IS done to avoid formation of a localized pressure zone which 
results in uneven bonding 


1-2-4 BONDING OF STRAIN GAUGES 


present work 


This constitutes the major objective in the 


STRAIN GAUGES 


The strain gauges in use are supplied by 
Tokyo Sokki Kenkyujo Go Ltd , Japan The ^au^es have a ^auge 
length of 0 2 mm and a gauge width of 1 5 mm The base of strain 
gauge IS rectangular with dimensions 3 5 mm x 2.5 mm CFJG x 4 3 

Its resistance is 120 - 0.3 Q and the gauge factor is, 2 07 



LEAD WIRES 


2 5mm 


1.0 mm 

i 



BASE 


u u u u u u u 


H 


WIRES ARE SHORTED TO 
REDUCE EFFECTIVE GAUGE 
LENGTH TO 0.2MM 


X 

T 


0 2 mm 


H — 1 5 H 

h 2 5 ^ 


MAGNIFICATION x20 


FIG. 1.4 Schenoatic diagram of Strain Gauge. Magnification 20 
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BO JADING OF STRAIN GAUGES 

As t^he -ar^ea on t^o which strain ^au^es ai^e ho 
be bonded is very small, extreme care is undertaken Positioning 
ot both the strain ^auj^es are done with the help of a fixture 
This fixture is made of two self sticking papers placed normal to 
each other so as to house a corner of the strain gauge in the top 
cantilever For locating the strain gauge in the bottom 

cantilever, the hatched section of self sticking paper CFIG x 5 :> 

IS carefully cut off by a blade The area lying under the 
fixture is thoroughly cleaned with acetone to degrease and remove 
dust particles Epoxy LY 556 and the hardener HY 951 are used in 
the ratio 10 1 by weight The ambient temperature is kept 

around 55 to 60 for about 24 hours to help curing Localized 
pressure is also applied while curing takes place 

The mixture of epoxy and hardener is applied 
evenly and the strain gauges are then put over it The assembly 
IS then put under infra-red lamp, to attain the curing 
temperature, for 24 hours The infra-red lamp also restricts the 
moisture in the vicinity of bonded strain gauges 

After the curing is over, to check the 
location and orientation,the bonded strain gauges are then placed 
under travelling microscope. Readings of microscope are taken 
and X, y coordinates of the strain gauge base are recorded 
Figure x <5 shows a typical record of measurement This plotted 
graph ensures the accuracy of the location and orientation of the 
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FIG 1 5 Strain Gauge bonding fixture made out of sticking paper 


STRAIN GAUGE MOUNTING FOR DYNAMIC 
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®T = ®TOP 
®B ■ ®BOTTOK 


FIG. 1 6 Positioning and orientation of Strain Gauges recorded by the 
travelling microscope 
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st^r-ain g:aug:es It. is: seen that, the centen of g:au^es are within 

0 05mm jfrom the prescribed location and the orientation is within 

1 2" 


1.2.S MEASUREMENT OF STRAIN 



Two 

dummy 

strain 

^aug^es, both 

having 

i^esistance 120 O are 

used 

to 

complete the 

bridge 

CFZG 

173 

The 

strain ^aug^e output 

IS 

measured 

usin^ 

strain 

indicator 

CModel 

P- 350 A , Measurement 

Group> 

The 

full 

bridge 

mode 

of 

strain 

indicator is used CFIG 

i.S 

:> 

The initial 

value 

of 

strain 

indicator is noted. 

and 

then 

■the 

variations in 

the 

strain are 

recorded the variation of 

strain is 

in the 

form 

of a 

spike 

1 e it 


starts jfrom zero, rises to peak and the dips down to zero These 
are plotted to ^ive the peak strain value 


1.2.6 PROCEDURE 


The DCB specimen is mounted on INSTRON 
machine and the connecting wires ot the strain ^au^e are tied and 
suspended by a thin thread to keep the axis of the specimen 
horizontal The specimen is loaded in a displacement controlled 
mode, with the cross head speed fixed at 0 05 mm/min, and the full 
scale load 200 N The chart speed for recording the ^raph 
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displacement, versus load is maint/ained at. 20 mm/min In 
t.his machine^ t^he upper jaw is Tixed and t.he lower jaw moves 
t.he load is applied Once €he loading is started^ the strain 
indicator readings are noted aTter regular intervals of 
time 
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J.S RESULTS 


1.3.1 INTRODUCTION 

The preci^ack is intruded t.o 30 mm len^t^h 
during: bonding of bhe cantilevers together and the strain gauges 
are bonded at 8 0 mm beyond the tip of the precrack As found by 
the numerical analysis, the peak strain is encountered when the 
crack tip is at 1 5 mm prior to the strain gauges Thus the 
actual crack length becomes 36 5 mm CFJG x 

The DGB specimen is then loaded in mode I 
As the load is increased, a stage is reached when the crack 
starts propagating The propagation of crack is very slow and 
the strain output of the gauge is recorded with a strain 
indicator at regular intervals of time, setting the strain zero 
when the load is zero The strain increases as the crack scoots 
near the strain gauges, reaching a peak 

The load applied at the ends of the 
cantilever is recorded through a strip chart recorder of the 
tensile testing machine This chart gives load versus time 
curve From this, load corresponding to peak strain is also 
determined 


Knowing the peak strain 


and the peak 

ic 


load value <P>, for a particular crack length <36 5mm> K 


IS 



X56.. 


/ 

/ 



ACTUAL CRACK LENGTH (mm) 


a= (Qp ♦ d)- 1.5 
Op - PRE CRACK 

d - DISTANCE OF STRAIN GAUGE 
CENTER FROM PRE CRACK 

a- ACTUAL CRACK LENGTH 


FIG. 1.8 Actual crack length 


calculat^ed 


2Z 


The experiment-al ci'lhlcal shi'ess int-ensit-y 
f achor- Is evalua-ted by following relation The relat-ion Is 

estadallshed for the given geometry of the DCB specimen through a 
finite element program [133 

= 0 02423867 x e , C3 1> 

Knowing the load <P> corresponding to peak 
strain value for the given geometry of DCB specimen through 
finite element program a relation was established between the 
load and the critical intensity factor The critical intensity 

factor In mode I, numerically Is given by, 

K""" = 0 0329 X P <3 2> 

ic 

The closed form solution are obtained 
analytically through energy release rate approach and the 
following relation gives the critical intensity factor through 
closed form solution 


K 


cf 

IC 


« 2^3 X P ^ a 


<3 3> 


where ep is the 

peak strain, P is the peak load, h is the thickness of the 
cantilever and B is the width of I'ho cantilever 



STRAIN. 0 (jum) 


24 



FIG. 1.9 Recorded strain (per strain gauge) and load at the end of 
Cantilever for cases of single and double strain gauges. 


LOAD (N) (p) 



1.3-2 EXPERIMENTAL RESULTS 


A LoLail ojf Live experiments were conducted 
in this study Out of these five, two were done with sing:le 
strain ^aug^e and three were done with two strain ^au^es In 
each experiment, load versus time and strain versus time were 
recorded and plotted FIG x p 

There is only one flaw associated with the 
use of a dual combination of strain ^au^e, that is , there are a 
number of wires coming out of ^au^es They make it difficult to 
place the DGB specimen horiz:ontally and tend to apply additional 
force Special care should be taken to support the cables 

through a separate arrangement 

For explaining the results of the 
experiment, the observations of the LR0/2 Cone strain 
gau^e> and the LRG/3 Cwith two strain ^auges> experiments are 
considered in detail The strain at the end of experiment when 
the DCB specimen is unloaded should be zero because the strain 
grau^e is placed at the neutral axis of the cantilever In LRG/2 
the residual strain is 52 35 % of the peak strain The 

prestrainin^ is due to the curvature developed in the specimen 
during bonding of the cantilevers. In LRG/3 the residual strain 
IS 9 00 % of the peak strain In the experiment LRG/3 the strain 

at the end became small because using: two strain ^au^es the effec 


of curvature is canceled out 


This signifies the use of two 



s'tr^ain gauges: so as "to elimina*te “the cupva'Liii^e adop'ted by blie DGB 
specimen dunin^ bonding 

In bhe figure 1.9 if is clear thab when only 
one sbrain gauge was used bhe behavior of recorded sfrain was 
nob sabisfacbory^ bub afber using bwo sbrain gauges and 

canceling bhe effecb of curvabure in bhe DCB specimen bhe 

resulbs were sabisfacbory The peak sbrain and corresponding load 
values along wibh bhe bhrough differenb approaches are 

babulabed in Table I This bable also provides bhe % variabion 
an bhe experimenbal and numerical values of K 

1C 

The variabion seen in bhe experimenbal and 
numerical values of cribical sbress inbensiby facbor by measuring 
sbrains near bhe crack bip, using single sbrain gauge is quibe 
inconsisbenb i.e ib varies from -18% bo +75% Whereas bhe 

variabion using dual sbrain gauge combinabion is only bebween 
+15% bo +19%. This can be seen in Table II 

Furbhermore, bhe percenbage variabion of 
experimenbal and numerical values of ^ using dual sbrain gauges 
IS much much more consisbenb bhan bhe variabion in experimenbs 
using a single sbrain gauge f or measuring sbrain in bhe viciniby 


of crack. 



X 4 CLOSURE 


In t.he present studv> the combination of 
dual^ mirror linage strain g'au^es is used in place of single 
strain ^au^e in the vicinity of" the crack tip It is observed 
that the use of a dual, mirror image combination of strain gauges 
gives better results than using a single strain gauge for 
determining critical stress intensity factor by the method of 
measuring strains in the vicinity of the crack tip. The work 
performed in this chapter paved ways to conduct dynamic 
experiments in the DGB specimen 
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CHAPTER 2 


DYNAMIC INTERLAMINAR STRESS INTENSITY FACTOR 


SI INTRODUCTION 


211 PRELUDE 

One of "the main mechanisms of failure In composite 
materials is delaminafion As menLioned already in chapter 1 
delamination is splitting of laminaes into individual laminae 

under loading Under impact loading, the problem is acute and it 
has been experimentally determined that a crack can propagate 
with a velocity as high as 300 m/s. The high speed crack 

propagation leads to the question ~ Whether dynamic interlaminar 
fracture toughness quite different from that of static. 

The stress distribution at the tip of a crack 
propagating at high speed is different from the static crack due 
to introduction of time dependent terms The equilibrium 

equations used as the basis for the computation of the static 

stress field are replaced by the equations of motion The 

effect of high speed on stress distribution is more pronounced 
for crack velocity close to the Rayleigh wave A Rayleigh wave 
is a surface wave and whose velocity is about S>0 percent of the 

shear wave velocity. 


212 LITERATURE SURVEY 
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Efjfor'ts have been put in to experimental 
evaluation of the dynamic fracture toughness of materials 
specially on isotropic metals Several different kinds of 

dynamic loading techniques and recording equipment have been 

developed 

Kalthoff et. al 116-17] used a sharp edge load 
input into a precracked 3-point bend specimen The falling 

kndf e-edge gave dynamic load input to the specimen A series of 
shadow optical photographs were taken by the Granz-Schardin 24 
spark high speed camera. The load developed between the specimen 
and sharp edge determined by the post impact displacement showed 
an oscillating behavior with an overall increasing tendency 
This was caused by eigenvibrations of the specimen that were 
excited by the Impact process It was seen that the stress 
intensity factors decreases for an advancing crack 

Rosakis et al 1193 performed experiments on 
dynamic crack propagation using a wedge loaded DGB specimen of an 
austentized, quenched and tempered 4340 steel The dynamic 

stress Intensity factor measurements were done by means of the 
optical method of caustics. The shadow spot patterns were 
photographed with a Granz-Schardin high speed camera and the 
study was based on eiastodynamic analysis The dynamic stress 
intensity factor was obtained as a function of ciack tip 

velocity considering interaction of reflected shear and Rayleigh 
waves The DGB specimen was made from a large plate and the 
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results are rot of much relevance to the results of this work 
which employs slender cantilevers The results show that the 
dynamic stress intensity factor is monotonically increasing 
function of crack velocity At low speeds the dependence is 
small, hut at hi^h speeds It becomes quite pronounced 

Ravichandran and Clifton C203 developed a plate 
impact experiment for studyin^^ dynamic fracture process occurring 
under sub- microsecond loading A disc containing a mid- plane, 
pre-fati|^ued, ed^e crack which had propagated half way across the 
diameter was impacted by a thin flyer plate of the same material 
A compressive pulse propagated through the specimen and reflected 
from the rear surface as a step tensile pulse with a duration of 
1 microsecond This plane wave loaded the crack and caused 

initiation and propagation of the crack The motion of the rear 
surface was monitored by the laser interferometer system The 
location of the crack front was mapped before and after the 
experiment usin^ a focused ultrasonic transducer 

Similar kind of work was carried out by Kalthoff 

et al.£18] who extended a preexisting crack in a DGB specimen by 

a wedge loading system A series of six real shadow optical 

patterns were photographed by a Granz-Schardin high speed camera 
It was seen that the stress intensity factors decreases for an 
advancing crack 

Prasad C63 developed an experimental set-up to 
measure d 3 majiilc critical energy release rate in mode I A DGB 

specimen of reinforced glass fabric was used with an artificial 
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pF0Ci^-3ick and was loaded dynamically in mode I In ■Lhis 

'technique the uppex^ cantilever was attached to a very ri^id 
support and to the end of the lower cantilever, a lon^ elastic 
round har of 16 mm diameter was handed A drop weight around 
this t>ar < drop weight worked as a bead !> impacted a stopper at 
the end to a tensile pulse, travelling all alon^ the bar 

to the cantilever end, loads the specimen dynamically The 

stress pro! lies ol the loading pulse was measured through strain 
gaug'es bonded to the hangrin^ bar and the crack velocities were 
determined by foil ^au^es bonded in front of the crack tip The 


crack 

velocities 

were in t,he range 

of 20 

to 

100 

m/s 

At these 

crack 

velocities 

value of G was 

found 

to 

be 

very 

small and 


ic 


specimen required lar^e amount of work input to reach hi^h run 
away crack velocities Thus energy balance could not be 

achieved by him properly 

Babu 17 1 developed a technique to determine 

interlaminar critical energy release rate in mode II under impact 
loading conditions. A precracked ENF Cend notched flexural> 

specimen was loaded in 3- point bending by a bar striker 
accelerated by a 19 mm bore air gun The incident and the 
x^eflected pulse were recorded These gave the load and the 
deflection of the specimen Thin copper wires bonded in front of 
the crack tip were used to measure crack velocity The 

limitation of the study was that i he crack velocities were not 


measured accurately. 
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2 1 3 OlfTLINE OF THE PRESENT WORK 

In t^he present work, a new technique has been 
devt^loped to experimentally evaluate the value of dynamic 

interlaminar stress intensity factors 

Hi^h velocity crack propagation in a DGB specimen 
IS im|>ai"tt*d first by storing energy in both the cantilevers The 
energy in the cantilevers is stored by bolting the two 

together with a prenotched bolt just prior to the 
cj'ack tdp and pulling the cantilevers apart on a tensile machine 
To ridtvrce Cinergy towards the crack tip the bolt is suddenly 
broken by a suitable mechanism Dynamic stress intensity factor 
is det€^rmin€^d by recording strain profiles on a side face of the 
spt^cimeii two predetermined locations through strain gauges 



i> e experimental TECHNIQUES 


2 2 1 INTRODUCTION 

In Dhis sect-ion det-alls of t-he new t-echnique of 
impar*t-ing high veloclt-y t-o t-he int-erlaminar crack IS diSGvissed 
in det^ail The pr^eparat^ion of t,he specimen^ -the syst^em of 

releasing energy by a quick release mechanism, bonding of strain 
gauges and the strain measurements are described in this section 

2 22 SPECIMEN PREPARATION 

The preparation of DGB specimen is similar to 
procedure discussed in chapter 1 It was modified by drilling a 
through hole of 4 5 mm <3/16 ** > diameter and at a distance of 30 
mm from the load application line CFIG. 2 1> As the cantilevers 
of the specimen were very hard <of the order of 33 on G-scale>, 
the hole was drilled by a carbide tip drill 

The faces of the cantilevers to be bonded were 
prepared by rubbing them on a fine grit C220) emery paper for 
five minutes under light hand pressure. For bonding, epoxy LY 
556 and hardener HY 951 was used in the ratio of 100 10 by 
weight The sides of the cantilevers were covered with a layer 
of wax to prevent epoxy coating and the faces to be bonded were 
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FIG. 2.1 A cantilever of DCB specimen 






clemmed wi’th acelone oJf AR ^i^ade The mixhure of epoxy and 
hardener" was applied fhorou^hiy t-o “the cleaned faces The fwo 
sfrips were then put together and pressed in the bonding fixture 
The bonding fixture discussed in chapter 1 was modified by 
drilling a hole of 4 S mm in the bottom f ace and Inserting a pin 
<FI6 2 2> This pin acts as a locating pin and also restricts 
the mixture of epoxy and hardener to gush into the holes drilled 
into the cantilevers Between the strips and the flats of the 
fixture^ a sheet of BOPP film was placed on each side This film 
works as a release film 

The fixture along with the specimen was placed 
between two platens of a hydraulic press The platens were 
heated through in built heaters and the temperature of the 
specimen was monitored by using a copper cons tantan thermocouple 
The temperature of the specimen was maintained at 60 c under 1 
Mpa pressure for six hours It was then allowed to cool down to 
the room temperature. 


2.2 3 PREPARATION AND USAGE OF THE SYSTEM WHICH IMPARTS 
HIGH VELOCITY TO THE INTERLAMINAR CRACK 

A system waus designed and fabricated to 


Instantaneously 

release 

the energy 

stored in 

the 

slender 

cantilevers of 

the DCB 

specimen 

This is done 

by 

clamping 

two cantilevers 

together 

with a bolt 

and pulling the 

ends 

of the 


cantilevers on a tensile loading machine. This section explains 
the prenotched bolt, the arch, the arch aligning fixture and 


the 



PRE NOTCHED BOLT 
MAX 0.7 


DETAILS OF NOTCHED 



DCB SPECIMEN 


CRACK PLANE 


BOTTOM ARM OF 
DCS SPECIMEN 


STRAIN GAUGES II 


STRAIN GAUGES I 


FIG. 2.2 Schematic sketch to represent position of notched bolt 
and Strain Gauges in a DCB specimen. 
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procedure In detail 

PRENOTGHED BOLT 

The alien head bolt. of standard size M4H‘0 7 
CUNBRAKO> was used in the present work This bolt was mounted on 

the lathe and a notch was cut into it. The dimensions of this 
notch were determined by a shadow ^raph with a magnification of 
20 The bolt was then inserted through the hole <4 5 mm in 

the cantilevers of the DGB specimen CFIG 2 2> 

ARCH 

Two arches Cone each to be used on either side of 
the specimen > of mild steel were fabricated The arch was used 
for resting of the nut and to distribute centre point load to 
sides as shown in fig 2 3a Its details are shown in figure 

2 3 The arch was designed so that^ 

- it absorbs a small inertia> 

- it has a small bearing area at ends. 

It had a central hole to pass the bolt through it 
Special care was taken to make sure that the centre portion of 
the arch does not bow under load so much that it touches the 
specimen 

ARCH ALIGNING FIXTURE 

The alignment of the arches on each side of the 
DCB specimen should be perfect because if they are not aligned, 
then the load on prenotched bolt will change from linear to a 
combination of both linear and flexural Considering this 
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FIG. 2.3 ARCH 




ISOMETRIC VIEW 


FIG. 2.4 Arch aligning fixture. 







FIG. 2.5 Details of assembly. 




At 


factor, a fixture <FI(3 2 4> was designed to align the bridges on 
both sides of the DGB specimen This fixture enables perfect 
alignment of bridges while tightening of the nut on the 
prenotched bolt 
ASSEMBLY 

The assembly was done as shown in figure 2 5 The 
nut was tightened enough on both sides so as to remove high spots 
between legs of bridges and surface of the DGB specimen 
PROCEDURE 

The assembly was done as shown in figure 2 5 and 
the arms of the DCB specimen were loaded on an INSTRON machine 
As the load reached the required value <300 N), the nut on the 
lower half was tightened by the spanner manually This 

introduced a twisting torque in the prenotched bolt due to which 
it broke suddenly This quickly released the energy stored in 
the cantilevers of the DGB specimen thus Impacrting high velocity 
to the interlaminar crack 

2 2.4 BONDING OF STRAIN GAUGES 

The strain gauges similar to one used in chapter 
1 are used for this study The strain gauges have a gauge length 
of 0 2 mm and a gauge width of 1 5 mm Details of the strain 

gauges are given in figure 1 4 

As the area on to which strain gauges are to be 
bonded is very small, extreme care is undertaken while bonding 
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t^hem PosiWonin^ of all t»lie foup st^j^ain is; done wit/h i>lie 

help of a fixture This fixture is made by cubbing bhe habched 

area of a self sbicking paper as shown in figure 2 6 The 

cenbr al square and bhe coexisbing briangles provide a housing for 
all bhe four sbraln gauges. The secbion is sbuck bo bhe side 
face of bhe DGB specimen The area lying under bhe fixbure is 

bhoroughly cleaned wibh acebone bo degrease and remove dusb 
parbicles Epoxy LY 556 and bhe hardener HY 951 are used in bhe 

rabio 10 1 by weighb The mixbure of epoxy and hardener is 

applied evenly bo bhe sbrain gauge housing area The ambienb 

bemperabure is kepb around 55 bo 60^ G fir aboub 12 hours bo help 

curing wibh bhe help of an infra red lamp Localized pressure is 


also applied while curing bakes place 

Afber bhe curing is over» bo check bhe locabion 
and orienbabion, bhe bonded sbrain gauges are bhen placed under 
travelling microscope Readings of microscope are taken and X,Y 
coordinates of the strain gauge base are recorded This plot 
ensures the accuracy of the location and orientation of the 
strain gauges It is seen that the center of gauges are within 

0 05 mm from the prescribed location and the orientation is 

_ +^o 

within a range of -2 


2.2 5 MEASUREMENT OF STRAIN 

The strain output is measured through an 

oscilloscope C PHILIPS PM 3350 > The oscilloscope is a dual 
channel hence it is capable of recording two signals at a time 
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Triggering of the oscilloscope is done exter-r^ 

“JCT-ernally with the help 

of St piezoelectric pickup Id, -t-his work, a 

’ » ster-eo needle is used 

a. a t-Mecerine device < PIG 2 5) Thla Is plasma Jest ad-tex- the 

arch assembly so that when the prenotch*:.^ 

bolt breaks, it 

tri^^ers the oscilloscope. Two strain pulses 

recorded on the 

oscilloscope screen Both oT these show 

^ a spike The spike 

gives the peak strain encountered by the resi-v^ 4. ^ ^ x , 

^ ^ ^^Pective set of the 

gauges as the crack scoots under the set Wh^>^ 

^ ^ ^tiere as the time lag 

between the spikes enables evaluation of 


c:raGk velocity by 


knowing distance between two sets of gauges 
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results and discussions 

2 3 1 INTRODUCTION 

A DCB specimen wit-h slender cantilevers C each 
made of hardened alloy steel and of thickness 2 78mm> was used m 
the present study The cantilevers bonded by epoxy and with a 
pi ecrack of 25mm from the load application point were hold 
together with a prenotched bolt, 5mm away from the tip of the 
precrack When the load was applied, crack front was extended to 
the prenotched bolt creating a sharp crack front Two dual 
mirror image combinations of strain gauges were bonded to the 
sides of the specimen The first combination CA) was placed 8mm 
from the center line of the prenotched bolt and the second 
combination <B) was placed 13mm from the prenotched bolt 

The load waus then applied to the ends of the 
cantilevers and the energy was stored m them This stored 
energy was suddenly released by breaking fh® prenotched bolt so 
as to have dynamic crack propagation 


2 3 2 EXPERIMENTAL RESULTS 

A total of f our experiments were conducted in this 
study. For each experiment, strain v/s time was recorded by a 
Philips storage oscilloscope Details of each experiment 
presented below 


are 



<i> Expei^iment No LDl 


This w<ais 'the exploi^atoi^y expei inient 


done with a single coinbiriation ot the strain gauges: -at location 
A The cantilevers were pulled by a load of 162 N before tt^ 
prenotched bolt was broken manually The wave form obtained 

shown in Fl^ 2 7 Bein^ the f irst experiment the sensitivity of 
the vertical scale of the oscilloscope was kept low and therefor^ 
the strain was measured only on three levels with the peak stra>^*'^ 
of 190 fj^ 

Cii> Experiment No LD2 . This was done with two combinations: 

of strain ^au^es with load on cantilever equal to 300 N 
recorded wave forms are shown in Fi^ 2 8 The strain pulse of ^ 
combination shows a peak strain of 133 pe but B does not show ^ 
prominent peak However, some distux'bamce of low ma^nitudo, 

almost of the order of noise, was observed It is believed th^^ 
the crack tip did not reach up to B combination during the tl*^^ 
window set on the oscilloscope The recorded disturbances 
believed to be caused by the breaking of the prenotched bolt 
<iii> Experiment No LD3 The cantilevers were loaded in 

experiment to a load of 300 N Similar behavior was shown by 
strain wave form with a peak of 135 pe by A combination of str^ 
g:aug:es whereas here also B did not show any cleai^ signal 
<iv> Experiment No LD4 : The cantilevers were loaded to 30^ ^ 

in this experiment before manually breaking the prenotched 

B 

This was done wit,h one st-rain gauge in A location and two 
location. Similar kind of peak was observed in the strain 




Fig. 2.7 Experimentally recorded Strain v/s Time for LDl 
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Fig. 2.8 Experimentally recorded Strain v/s Time for 
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by bhe sbralni ^au^e ab locabion A Since only one sbrain ^aug:e 
in spibe ojf bwo seconded bhe puls:e» bhe sbrain was half 

As bhe B or rear combinabion of sbrain gauges did 
nob record bhe pulse, bhe crack velocibies were nob measured 
However, knowing bhe blme window, ib was supposed bhab bhe 
crack velociby was less bhan 1 4 m/s 

The sbrain field does nob change much if bhe crack 
velociby is less bhan 10 % of bhe shear wave velociby <. 2800 m/s 
in sbeel> iSl Since bhe crack velocibies in bhe sbudy are much 
lowei', bhe resulbs of numerical bechnique 1133 can be used bo 
evaluabe bhe cribical dynamic inbensiby facbor The dynamic 

sbress inbensiby f acbors were evaluabed by sbrain pulses recorded 
ab A and is babulabed in Table III 


23 3 COMPARISON WITH QUASI-STATIC CRACK PROPAGATION 

In bhe qfuasl-sbabic crack propagabion bhe 
experimenbal sbress inbensiby facbors obbained using bwo sbrain 
gauges were 2.3, 4 07, 6 3 <MPaym> with an average of 4 22 MPaVin 
The dyixamlc crack propagation studies led to the dynamic stress 
Intensity factors of 4 62, 3.24, 3 28, 318 <:MPaym> with an 
average of 3.58 MPaVm 


23 4 ANALYSIS OF SLOW CRACK GROVTH 

The critical energy release rate, based on 

quasi-static work C143, is of the order of 10 J/m^ which is quite 

should also know how much energy is stored in 


small 


But, one 



the canWlever* sayms used In €hls st-udy berore ib is released for 
crack ^rowbh Under the load, P, on bhe canbilever ends bhe 
deflecbion^ 6^ is well known as 


4Pl^ 

Ebh~ 


C2 1> 


V/here 1 is bhe len^bh of canbilever < crack length in bhis case>^ 
E is Youn^^s Modulus, h is bhe bhickness of canbilever and b is 
bhe widbh The sbrain energy sbored in bobh bhe canbilevers is 
^iven by 


u = P6 « --"^ 3 -- <^2 2) 

Ebh 

For a bypical value of P *= 300 N, U is 0 09 J 

Based on bhe quasi-sbabic G, bhe crack needs 0 002 J which is 
much smaller bhan bhe sbored energy However, because of obher 
unaccounbed paramebers such as canbilevers acquiring kinebic 
energy, the full amount of released energy is not likely to be 
available for crack growth Furthermore, 0 09 J energy is quite 
small Therefore, it is understandable that crack moves with a 
very low velociby 

Ib may be worbhwhile bo explore how bo imparb more 
energy for crack growbh Also, ib is worbh nobing bhab loads on 
the cantilever ends cannot be increased much because the bending 
moment on the cantilever will be large enough to cause yielding 
Therefore load P in equation 2 2 would be expressed in terms of 
stress of the outermost plane of the cantilevers As we know 



from eq 2 2 that "the energy stored in both the cantilevers is 
given by 


also usings 


Fb b 


2 


a « My/I = — a <-2 3> 

<si 

substituting this in energy equation we get 

u = --'i C2 4> 

PE 

Equation 2 4 clearly indicates that the energy 
stored per unit width of the cantilever is directly proportional 
to crack length <1> and the cantilever width Ch> Thus having 
more crack length and more thickness of specimen, more energy can 
be stored imparting much more crack velocity 
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TABLE III Experimentally observed p^ak Strain and associated 
Dynamic stress intensity factor for 36 5mm crack 

len^t^h 


r ^ 

Expt. No 

No of Strain 

PEAK STRAIN 


Averag:e 


^au^es used 

jue 

I 

( 1 > 

< t t > 

< t i t > 

MPaym 

MPaVm 




(IV) 

( V > 

LDl 

Two 

190 8 

4 62 


LD2 

Four 

133 56 

3 24 


LD3 

Four 

135 68 

3 28 

3 58 

LD4 

Three 

131 25 

3 18 
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^4 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

The work hasj been carried oub bo experimenbally 

debermine dynaimc sbress inbensiby Jfacbor by measur in^ sbrain 
near the crack tip through a combination of strain gauges in a 
DCB specimen with slender cantilevers The specimen was loaded 
in mode I on an INSTRON machine under displacement controlled 

conditions As the load was applied the energy ^ets stored in 
the arms of the DCB specimen After loading it to a known load 
the prenotched bolt acting as an energ:y barrier was broken This 
sudden release in energy resulted in dynamic cr ack propag:ation 

and as the crack moved under the strain gauges a pulse was sensed 
by the combination of the ^au^es The strain pulse was recorded 
at location A only because the crack was moving: at a very slow 
speed < at > 14 m/s > and by the time the crack has moved to 

location B the time window of oscilloscope mi^ht have ended 
Thus the dynamic stress intensity factor wais calculated by the 

peak strain of A location 

Further work can be Gaa'ried out usin^ a larger 
crack length and thick cantilevers of the DCB specimen As 
explained in section 2.3 4 this will result in more energy 
storage imparting higher velocity to the crack front 

The limitation of the technique mentioned in the 
present study is that, hig:h crack velocities may not be possible 
unless one choose very thick cantilevers But then the study 
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dots not. coi^respond to DGB specimen with slender cantilevers and 
the mechanism of delamination is not simulated by osin^ thick 

cantilevers 

For further study one mi^^ht ^o for loading the 
DOB specimen by Impact This can be performed easily by using: 
bullets from an air ^un or by dropping weight method These can 
be done in more controlled environment as well as this may impart 
very hijg^h velocities to the crack tip 

7 
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